To collect an entire set of full-length cDNA clones derived from human retina-derived cell lines and to identify full-length transcripts for retinal preferentially expressed genes. METHODS. The full-length cDNA libraries were constructed from a retinoblastoma cell line, Y79, and a retinal pigment epithelium cell line, ARPE-19, using the vector-capping method, which generates a genuine full-length cDNA. By single-pass sequencing of the 5Ј-end of cDNA clones and subsequent mapping to the human genome, the authors determined their transcriptional start sites and annotated the cDNA clones. RESULTS. Of the 23,616 clones isolated from Y79-derived cDNA libraries, 19,229 full-length cDNA clones were identified and classified into 4808 genes, including genes of Ͼ10 kbp. Of the 7067 genes obtained from the Y79 and ARPE-19 libraries, the authors selected 72 genes that were preferentially expressed in the eye, of which 131 clones corresponding to 57 genes were fully sequenced. As a result, we discovered many variants that were produced by different transcriptional start sites, alternative splicing, and alternative polyadenylation. CONCLUSIONS. The bias-free, full-length cDNA libraries constructed using the vector-capping method were shown to be useful for collecting an entire set of full-length cDNA clones for these retinal cell lines. Full-length transcriptome analysis of these cDNA libraries revealed that there were, unexpectedly, many transcript variants for each gene, indicating that obtaining the full-length cDNA for each variant is indispensable for analyzing its function. The full-length cDNA clones (approximately 80,000 clones each for ARPE-19 and Y79) will be useful as a resource for investigating the human retina. (Invest Ophthalmol Vis Sci. 2011;52:6662-6670)
T he retina is composed of a neural cell layer and a retinal pigment epithelial cell layer. The two types of photoreceptor cells, rods and cones, in the neural cell layer convert light signals to changes in membrane potential, organized through complex layers of the neural cells and transmitted to the brain through the fibers of the optic nerve. 1, 2 The retinal pigment epithelium (RPE) plays important roles in supporting the function of the photoreceptor cells and serves as a blood-retina barrier. 3, 4 Photoreceptor cells and the RPE are not only physiologically interesting, they are pathologically important in relation to retinal degeneration. [5] [6] [7] [8] Furthermore, photoreceptor cells serve as a model for the investigation of the development and differentiation of neural cells. 9 One experimental approach to understand the physiological function of photoreceptors and the RPE at a molecular level is to perform a transcriptome analysis of the genes expressed in these cells. 10 Previously, transcriptome analyses of the human retina were performed using expression profile analysis of expressed sequence tags (EST), 11 microarray, 12 or serial analysis of gene expression (SAGE) 13 ; however, there are problems with each of these methods. First, the tissues used for these analyses contained various cell types; thus, the results did not reflect the expression profile of a single cell type. Second, every analysis was based on the partial sequence of transcripts, and recent studies revealed that many variants are produced from a single gene locus, suggesting that the diversity of variants is due to differences in transcriptional start sites (TSS), 14 alternative splicing, 15 and alternative use of a polyadenylation signal. 16 Furthermore, it is difficult to obtain the expression profile of these variants by partial sequencing analysis. Third, the conventional cDNA libraries used for these expression profile analyses did not reflect the expression levels of all mRNAs in the cell because of a preparatory bias toward abundant, shorter cDNAs, thus excluding rare or longer cDNA genes. Analyzing size-unbiased, full-length cDNA libraries constructed from a single type of cell can overcome these pitfalls.
The mammalian retina contains approximately 55 distinct cell types. 17 To elucidate an intracellular transcriptional network in retinal cells, it is necessary to analyze the transcriptome derived from specific retinal cell types. One solution for this requirement is to use single cells isolated from the retinal tissue. 18 Another solution is to use a cell line derived from the human retina. The established cell line, ARPE-19, 19 exhibits properties similar to those of the endogenous RPE 20 and is used as a model for analyzing the expression profile of the RPE. [21] [22] [23] [24] Because some retinoblastoma cell lines, such as Y79, show cone-specific gene expression 25 and are derived from cone progenitor cells, 26 we used this Y79 cell line in our study for the identity of full-length cDNA clones.
Recently, we developed an effective method for constructing a full-length cDNA library, named a vector-capping method, 27 which has the following characteristics: it consists of only four steps; it contains neither a PCR step nor a restriction enzyme treatment; several micrograms of total RNA is sufficient to construct a library containing 10 6 independent clones; the full-length cDNAs can be confirmed by the presence of dG added to the 5Ј end of the cDNA in a cap-dependent manner; the full-length content is Ͼ95%; the library contains cDNA clones for rare genes and long genes of Ͼ10 kbp; and the cDNAs for an antisense gene can be assured. We demonstrated that the cDNA library constructed from the ARPE-19 cell line using the vector-capping method contains size-unbiased, full-length cDNAs. 28 In this study, we constructed full-length cDNA libraries from Y79 cells using the vector-capping method and analyzed the full-length transcriptome by partial or full-length sequencing of the clones. By comparing the expression profiles from the ARPE-19 and Y79 cell lines, we identified novel transcript variants for each cell type, which will be useful for functional analysis of these genes and will provide new insights into the complex processes of retinal function.
METHODS

Cell Culture and RNA Preparation
The human retinal pigment epithelium cell line ARPE-19 and the human retinoblastoma cell line Y79 were obtained from the American Type Culture Collection (Manassas, VA). ARPE-19 cells were cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS), whereas Y79 cells were cultured in RPMI 1640 medium (Invitrogen) containing 20% FBS. Both cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. For total RNA isolation, cells were harvested by trypsinization, and RNA was isolated using reagent (Isogen; Nippon Gene, Tokyo, Japan).
Construction of cDNA Library
The construction of our cDNA libraries was carried out using the vector-capping method, as described previously. 27 Briefly, 5 to 10 g total RNA and 0.15 to 0.3 g vector primer were mixed and annealed. The first-strand cDNA was synthesized using reverse transcriptase (SuperScript III; Invitrogen). After digestion with or without EcoRI, self-ligation was carried out with T4 RNA ligase. After second-strand cDNA synthesis, the resultant product was used for the transformation of Escherichia coli cells, DH12S, by electroporation. Transformants were plated on LB agar containing 50 g/mL ampicillin without amplification. Resultant colonies were picked and suspended in LB solution containing 50 g/mL ampicillin in 96-well or 384-well plates. After incubation, glycerol stocks were prepared by adding 50% glycerol and were stored at Ϫ80°C.
Plasmid Isolation and Sequencing
The isolated plasmid DNA or DNA amplified using a DNA amplification kit (illustra TempliPhi; GE Healthcare, Uppsala, Sweden) was used as a template for sequencing. DNA sequencing from the 5Ј end of the cDNA insert was carried out with a capillary DNA sequencer (Applied Biosystems Inc., Foster City, CA) using a reaction kit (BigDye Terminator Cycle sequencing FS Ready Reaction Kit; Applied Biosystems). The full sequence of the cDNA insert was determined using a primer walking method. The determined full sequences were deposited in GenBank/EMBL/DDBJ under accession numbers AB593010-AB593186 and AB621803-AB621830.
Genome Mapping and Annotation
The 5Ј-end sequences were used to query our custom database 29 to identify the abundant genes, such as ribosomal genes and mitochondria-derived sequences. Sequences not registered in our custom database were used to query the Human Genome reference sequence Feb. 2009 (GRCh37/hg19) with BLAT search on the UCSC Genome Browser. If the query sequence was mapped to a known gene locus, the sequence was assigned to that gene. Through the Web sites linked in the browser, including Entrez Gene and UniGene, we retrieved the following information: gene name, gene symbol, gene ID, chromosomal location, and RefSeq accession number.
Estimation of the Total Number of Genes Composing Libraries
The total number of genes constituting the library was estimated according to non-sampling-based extrapolation, which is used for species richness estimation. 30 The calculation was performed by curve fitting to a gene-accumulation curve using a hyperbolic model:
, where D t denotes the cumulative number of genes for the accumulated number, t, of sequenced clones, S is an asymptotic value, and ␣ and ␤ represent the parameters to be estimated from the data. Finally, the curve fitting was carried out using the software, KaleidaGraph (Synergy Software, Reading, PA).
RESULTS
Full-Length cDNAs from ARPE-19 cDNA Libraries
The results of in-depth analyses of ARPE-19 libraries (ARe, ARf, ARi, and ARiS) were described in a previous study. 28 In this study, the results of the other ARPE-19 libraries (ARa and ARh) were added to the previous data. By removing unreadable clones, cDNA insert-free clones, mitochondria-and rRNAcoded clones, and incomplete clones, 20,317 full-length cDNA clones were identified. Annotation by mapping their 5Ј-end sequence to the human genome revealed that the clones were classified into 4854 transcriptional units, or genes. A list of the genes is shown in Supplementary Table S1, http://www.iovs. org/lookup/suppl/doi:10.1167/iovs.11-7479/-/DCSupplemental.
Full-Length cDNAs from Y79 cDNA Libraries
Three libraries (RBb, RBd, and RBdS) were constructed using isolated Y79 mRNA and the vector-capping method. The clones (6816 from RBb, 9504 from RBd, and 76,800 from RBdS) were picked from each library and stored as glycerol stocks. All the RBb and RBd clones and part of the RBdS (7296 clones), a total of 23,616 clones, were single-pass sequenced from their 5Ј ends. The contents of the RBd/RBdS libraries were compared with those of ARi/ARiS,as shown in Table 1 . Both libraries were constructed using the same vector primer and the same methodology. Both the cDNA insert content of the isolated clones and the full-length content of the cDNA inserts were Ͼ95%. From three different Y79 libraries, 19,229 clones were identified as full-length cDNAs and were classified into 4808 genes. All identified genes were combined with those of the ARPE-19 libraries and listed in Supplementary Table S1, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7479/-/ DCSupplemental. The total number of genes identified from 
Comparison of Abundant Genes
The 455 abundant genes with Ն0.05% content in either the ARPE-19 or the Y79 libraries are listed in Supplementary 31, 32 In addition, the high levels of HAUS1 expression (79 clones, 0.41%) can be explained by gene amplification because the TSS of HAUS1 is located approximately 100 bp upstream of the TSS for ATP5A1, and HAUS1 is transcribed in the opposite direction. PCR analyses for the two genes showed that these genes were amplified twice as much as in Y79 cells as they were in ARPE-19 cells (data not shown). The overexpression of DDX1 and its neighboring gene, MYCN, has been reported to result from gene amplification in retinoblastoma cell lines, such as Y79 and RB522A. 33, 34 This coamplification was also observed in our data, and we confirmed this result by PCR analysis (data not shown). As a result of the functional breakdown of the most abundant genes, the major functional groups consisted of translation-related proteins, such as ribosomal proteins and elongation factors. The expression levels of 84 ribosomal protein genes showed correlation between ARPE-19 and Y79 (correlation coefficient, 0.78), suggesting that these genes are regulated by a common mechanism in both cell types.
Cell Type-Specific Abundant Genes
As shown in Supplementary Table S2 (http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.11-7479/-/DCSupplemental), 52 genes were obtained from only the ARPE-19 cell line; of those, the top 20 genes are shown in Table 2 . The lists contain the number of clones obtained from the ARPE-19 and Y79 libraries, the number of total ESTs (Nt), and the number of eye-derived ESTs (Ne) retrieved from the UniGene database. The ratio, Ne/Nt, is calculated and listed as an indicator of eye-specific expression. These ARPE-19-specific genes included cytoskeleton genes (CALD1, KRT7, KRT8, KRT18, KRT33B, MYL9, TAGLN, TPM2, and TUBA1C) and extracellular matrix-related genes (COL4A1, CTGF, EFEMP1, EFEMP2, FSTL1, IGFBP3, IGFBP7, SPARC, and TGFBI). The abundant genes from the AREP-19 cDNA library included IL18 (21 clones, Nt ϭ 92, Ne ϭ 2), KRT33B (14 clones, Nt ϭ 5, Ne ϭ 0), and NPPB (40 clones, Nt ϭ 48, Ne ϭ 0), but these were not abundant in the EST database. In particular, NPPB was preferentially expressed in the heart, and its EST was not obtained from eye. On the other hand, 18 genes were obtained from only the Y79 library, as shown in Table 3 . NNAT (38 clones, Ne/Nt ϭ 0.12) is a pituitary-enriched gene, 35, 36 and its EST is abundant in retinoblastoma. AIPL1 (18 clones, Ne/Nt ϭ 0.85) and GNB3 (25 clones, Ne/Nt ϭ 0.75) are retina-specific genes. SFRP2 (11 clones) has been reported to be involved in Wnt signaling pathway, 37 which is related to antiapoptotic activity. 38 These results reflect some differences between the epithelium-derived ARPE-19 cell line and the neuron-derived Y79 cell line.
Transcriptional Start Sites
Given that the vector-capping method provides for the genuine full-length cDNA by starting at the cap site, mapping the 5Ј-terminal sequence of the cDNA to the human genome sequence enabled us to determine the precise TSS. The distributions of TSSs for GAPDH and ACTG1 in ARPE-19, Y79, and DBTSS 39 were compared and are shown in Figure 2 . The most frequent TSS was identical and the pattern was similar among the three distributions, suggesting that TSS distribution is not tissue specific for these genes.
Selection of Eye Preferentially Expressed Genes
Eye preferentially expressed genes were selected from our collection based on the value of Ne/Nt. Our list contained 234 genes with Ne/Nt Ն0.1. The UniGene EST profile regards the 5Ј-end and 3Ј-end EST sequences derived from the same EST clone as two different clones. To avoid this redundancy, we recounted the true number, Nt* and Ne*. Table 4 shows the list of 72 genes with Ne*/Nt* Ն 0.2. As shown below, many eye-characteristic known genes were contained in this list. The number of tissues or organs expressing each gene, Nc, is also listed here. The tissue origin of eye-derived ESTs is also shown, along with the number of ESTs in Supplementary Table S3 , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7479/-/DCSupplemental. Three genes-FAM57B (Ne*/Nt* ϭ 0.49), PRH1 (Ne*/Nt* ϭ 0.37), and MAB21L1 (Ne*/Nt* ϭ 0.22)-were found in both the ARPE-19 and the Y79 libraries. FAM57B encodes a membrane protein with unknown function, and its gene was expressed preferentially in the retina, brain, and testis. PRH1 is a salivary proline-rich secreted protein, 40 and its gene was highly expressed in the lacrimal gland. MAB21L1 is a homolog of mab-21, which is a cell fate-determining gene found in Caenorhabditis elegans that may be involved in the development of the eye and the cerebellum. 
ARPE-19 -Specific Genes
The following 11 genes were only cloned from the ARPE-19 cells: SIX3 (Ne*/Nt* ϭ 0.62, 1 clone), AMTN (Ne*/Nt* ϭ 0.50, 1 clone), ANGPTL7 (Ne*/Nt* ϭ 0.49, 3 clones), CRABP1 (Ne*/ Nt* ϭ 0.32, 1 clone), PAX6 (Ne*/Nt* ϭ 0.28, 3 clones), GDF5 (Ne*/Nt* ϭ 0.27, 1 clone), CCL26 (Ne*/Nt* ϭ 0.27, 2 clones), TSPAN10 (Ne*/Nt* ϭ 0.25, 2 clones), HHIPL1 (Ne*/Nt* ϭ 0.25, 2 clones), GPX3 (Ne*/Nt* ϭ 0.23, 3 clones), LOC729421 (Ne*/ Nt* ϭ 0.23, 1 clone). ANGPTL7 and LOC729421 were not RPE-specific genes because they were also in retinoblastomaderived EST sequences. ANGPTL7 is known as a morphogen of 43, 44 Interestingly, AMTN is an ameloblastspecific protein involved in the formation of dental enamel. 45 CRABP1 is a retinoic acid-binding protein involved in development and differentiation. CCL26 is Cys-Cys cytokine that has chemotactic activity for eosinophils. 46 TSPAN10 is a tetraspanin cloned from RPE/choroid cDNA libraries.
47
Y79-Specific Genes
Fifty-eight genes were cloned only from Y79 cells, and the major functional group consisted of 15 transcription factors: RAX2 (Ne*/Nt* ϭ 1.0, 5 clones), CRX (Ne*/Nt* ϭ 0.92, 2 clones), RAX (Ne*/Nt* ϭ 0.90, 1 clone), NRL (Ne*/Nt* ϭ 0.83, 7 clones), LHX3 (Ne*/Nt* ϭ 0.73, 9 clones), OTX2 (Ne*/Nt* ϭ 0.67, 3 clones), ATOH7 (Ne*/Nt* ϭ 0.60, 4 clones), VAX2 (Ne*/Nt* ϭ 0.40, 1 clone), NEUROG1 (Ne*/Nt* ϭ 0.40, 4 clones), NEUROD1 (Ne*/Nt* ϭ 0.32, 9 clones), TLX2 (Ne*/Nt* ϭ 0.32, 1 clone), ISL2 (Ne*/Nt* ϭ 0.32, 1 clone), HMX1 (Ne*/Nt* ϭ 0.27, 1 clone), RCOR2 (Ne*/Nt* ϭ 0.23, 2 clones), and RXRG (Ne*/Nt* ϭ 0.20, 3 clones). The homeodomain-type transcription factors (OTX2, CRX, RAX, RAX2), the bZIP-type transcription factor (NRL), and the bHLH-type transcription factors (ATOH7, NEUROG1, NEUROD1) are known to be involved in the transcription of photoreceptor-specific genes. 9 In addition, LHX3, VAX2, TLX2, ISL2, and HMX1 are classified as homeodomain transcription factors. Finally, RXRG is a negative regulator of S-cones. 48 The second most abundant group consisted of the following 13 signal transduction-related genes: CABP2 (Ne*/Nt* ϭ 1.0, 1 clone), RCVRN (Ne*/Nt* ϭ 0.86, 1 clone), GNB3 (Ne*/Nt* ϭ 0.79, 25 clones), TULP1 (Ne*/Nt* ϭ 0.76, 1 clone), PDE6A (Ne*/Nt* ϭ 0.69, 1 clone), GUCA1C (Ne*/Nt* ϭ 0.55, 1 clone), GNGT1 (Ne*/Nt* ϭ 0.44, 7 clones), MAK (Ne*/Nt* ϭ 0.29, 1 clone), ARHGDIG (Ne*/Nt* ϭ 0.27, 1 clone), PPP1R3F (Ne*/ Nt* ϭ 0.27, 1 clone), MATK (Ne*/Nt* ϭ 0.23, 2 clones), PLCH2 (Ne*/Nt* ϭ 0.22, 2 clones), and PDE6B (Ne*/Nt* ϭ 0.20, 1 clone). RCVRN, PDE6A, GUCA1C, GNGT1, and PDE6B play a primary role in the phototransduction process.
2 GNB3 was the most abundant signal transduction-related gene, and it is a cone-specific G protein. 49 TULP1 is associated with retinitis pigmentosa. 50, 51 The present collection contains 12 genes encoding membrane-bound and secreted proteins: RBP3 (Ne*/Nt* ϭ 0.82, 3 clones), SLC1A7 (Ne*/Nt* ϭ 0.65, 3 clones), RTBDN (Ne*/Nt* ϭ 0.52, 1 clone), ANO2 (Ne*/Nt* ϭ 0.51, 1 clone), OTOP3 (Ne*/ Nt* ϭ 0.5, 1 clone), GSG1 (Ne*/Nt* ϭ 0.46, 7 clones), LYPD2 (Ne*/Nt* ϭ 0.38, 1 clone), IMPG2 (Ne*/Nt* ϭ 0.33, 1 clone), CDHR1 (Ne*/Nt* ϭ 0.33, 2 clones), KIRREL2 (Ne*/Nt* ϭ 0.3, 1 clone), CHRND (Ne*/Nt* ϭ 0.25, 1 clone), and RHBDL3 (Ne*/Nt* ϭ 0.23, 1 clone). RBP3 plays a role in transporting retinol from the photoreceptor to the RPE. 52 SLC1A7 is a chloride conductance-coupled glutamate transporter. 53 RTBDN has high sequence similarity to a riboflavin binding protein. 54 ANO2 is a Ca 2ϩ -dependent chloride channel in photoreceptor synapses. 55 Interestingly, OTOP3 is a paralog of a multi-transmembrane domain protein, OTOP1, which exists at the otoconia of the inner ear. 56 IMPG2 is a proteoglycan located between the photoreceptor and the RPE layers.
57
CDHR1 is a photoreceptor-specific cadherin. 58 CHRND is an acetylcholine receptor at synapses. 59 In addition, the list contains three genes annotated functionally. AIPL1 (Ne*/Nt* ϭ 0.88, 18 clones) functions as a chaperone for the biosynthesis of rod PDE.
60 CPLX4 (Ne*/Nt* ϭ 0.63, 1 clone) is related to the secretion of neurotransmitter from retinal ribbon synapse. 61 AANAT (Ne*/Nt* ϭ 0.2, 3 clones) is an enzyme involved in melatonin biosynthesis. 62 Furthermore, the list contains noncoding genes and rare predicted genes. OTX2OS1 (Ne*/Nt* ϭ 1.0, 5 clones) is a noncoding gene that is located upstream of the eye-specific transcription factor, OTX2, and is transcribed in the opposite direction.
Of the Y79-specific genes, 10 did not exist in the retinoblastoma-derived EST database. Most genes are classified into a rare gene (Nt* Ͻ 10), but an EST sequence for DDX51 and UNC119 did not exist in the retinoblastoma-derived EST database in spite of Nt* Ͼ 100. In addition, it should be noted that 19 genes were included in pineal gland-derived EST sequences.
Full-Sequence Analysis of Eye Preferentially Expressed cDNA Clones
The full-length sequence was determined for 57 (131 clones) of the 72 eye preferentially expressed genes with Ne*/Nt* Ն 0.2. The sequenced results were shown in Supplementary Table S4, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7479/-/DCSupplemental. Comparing the exon-intron structures of each clone with those in RefSeq, eight genes contained different first exons, suggesting that these genes may have alternative TSS. As a result, clones for LHX3, RTBDN, and ANO2 exhibited a different N-terminal sequence. On the other hand, the N-terminal sequence of NRL was shortened, whereas that of TSPAN10 was lengthened because of different TSSs. Fifteen genes provided splicing variants, which were due to the lack of an exon (PDE6A, RAX, OTX2, OTX2OS1), insertion of an exon (RXRG, MAK, PAX6, OTX2OS1), shifting of a splicing site (ISL2, OTOP3, CABP2, SLC1A7, AIPL1, NRL) , and non-splicing (LHX3). All three clones for SLC1A7 and all three clones for OTX2OS1 were different splicing isoforms.
Eighteen genes showed alternative polyadenylation. In most cases, the alternative polyadenylation occurred at different sites of the last exon, thus generating different sizes of 3ЈUTRs. In addition, we found polyadenylation occurring at the 3Ј-extended region of the middle exons in AIPL1, TULP1, and ANO2 and at different last exons in OTX2OS1, HMX1, and FAM78B.
The exon-intron structures of 15 clones for AIPL1 were compared ( Supplementary Fig. S3 , http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.11-7479/-/DCSupplemental). Although the TSSs and exon 1 were almost identical, the clones were classified into seven variants because of the different 3Ј splicing site of exon 1, the skipping of exon 3, a different 5Ј splice site of exon 4, a different 3Ј splice site, or alternative polyadenylation at the last exon. Interestingly, this gene contained five single nucleotide polymorphisms in its transcript. Thus, these clones were classified into two haplotypes, and their allelic origin was identified. Ultimately, there appears not to be a haplotype-specific variant.
Eye Preferentially Expressed Unannotated Genes
There were 16 eye preferentially expressed genes with Ne*/Nt* Ն 0.2, which are currently unannotated in Entrez Gene. The full-length sequences of 22 clones for these genes were determined and are listed in Supplementary Table S4 , http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7479/-/ DCSupplemental. Clones for six genes were obtained only from ARPE-19 cells. Every clone was unique and Ͻ1 kbp in length. HP11113 (Ne*/Nt* ϭ 1) was 746 bp long and contained seven exons and no open-reading frame (ORF) coding for a protein of Ͼ50 amino acids. HP10990 (Ne*/Nt* ϭ 0.67) was 577 bp long and contained three exons, which encoded a protein of 94 amino acids. Three ESTs for HP10990 were derived from fetal eyes, lens, and blood vessel.
Clones for 10 genes were obtained only from Y79 cells, of which five genes with Ne*/Nt* ϭ 1 had an exon-intron structure. Most ESTs that matched to these sequences were derived only from retinoblastomas; thus, these clones were termed retinoblastoma-specific gene X (RBSGX, X ϭ 1ϳ5).
Antisense Genes
Because our cDNA library is designed to guarantee unidirectional insertion into the vector, an antisense gene can be easily identified. Antisense genes derived from ARPE-19 cells have been previously reported. 28 Our Y79-derived antisense genes are listed in Supplementary 63 The number of exons and polyadenylation signal sites in this clone were identical to those registered in RefSeq (NM_005509.4, 11,173 bp, 3027 amino acids, 43 exons). Our clone extended 302 bp at the 5Ј end. Furthermore, the 3Ј splicing site at exon 2 of our clone shifted 1312 bp downstream so that the first ORF was shortened to encode a 98-amino acid protein. The largest ORF started at exon 6 and encoded for a 2854-amino acid protein, but it is unclear which ORF was actually translated.
The second largest clone of 11,089 bp encoded a 3184-amino acid, golgin B1 (GOLGB1). The GOLGB1 clone obtained from ARPE-19 cells was 11,198 bp and encoded a 3269-amino acid protein. Compared with RefSeq (NM_004487.3, 11,185 bp, 3259 amino acids, 22 exons), three sequences had similar TSSs and the same polyadenylation signal site. Our clone lacked exon 7, resulting in the deletion of 36 amino acid residues. Furthermore, there was a 28-bp extension at the 3Ј end of exon 2 and an initiation codon shift in exon 3 to cause a shortening of an N-terminal sequence by 39 amino acids.
Recently, a long gene responsible for retinitis pigmentosa, EYS, was identified. 64, 65 EYS (NM_001142800.1) spans 2 Mbp on the genome, contains 43 exons, and is transcribed into a 10,589-nucleotide mRNA encoding a 3144-amino acid protein. Our Y79 library contained three clones for EYS, one of which was 7989 bp. This clone ended early at exon 11 and encoded a 594-amino acid protein that was identical to that of 1 of 3 RefSeqs (NM_198283.1), but their TSSs and first exon differed.
DISCUSSION
Preparation of cDNA libraries using the vector-capping method enabled us to analyze a full-length transcriptome in which the clones contained sequences from their cap site to their poly(A) tail. The expression profile analyses previously performed used sequencing-based methods, such as EST and SAGE, or microarray-based methods, both of which are based only on partial transcript sequence analyses. The advantage of analyzing fulllength transcripts is that accurate information regarding a gene's TSS, polyadenylation sites, and splicing isoforms can be identified using one technique. For example, three different variants of AIPL1 and a difference in haplotype were identified using this technique. This method lacks a PCR step and an amplification step, which means that gene expression levels and transcript size are no longer caveats in the making of cDNA libraries. As a result, we were able to obtain a precise expression profile of genes within these cells; these ranged in size from Ͻ100 bp to Ͼ10,000 bp. Comparing the expression profiles of bias-free, full-length transcripts from the retinoblastoma-derived cell line Y79 and the RPE-derived cell line ARPE19 allowed for easy identification of cell-specific genes. In the case of abundant genes, those isolated from the ARPE-19 libraries encoded epithelium-specific proteins, such as cytoskeleton and secreted and membrane proteins, reflecting the characteristics of the epithelium. On the other hand, the genes isolated from Y79 libraries contained only two photoreceptor-specific genes, GNB3 and AIPL1, suggesting that the expression levels of photoreceptorspecific genes may be low in Y79 cells. Analyzing the results of our cell line comparisons and the known EST data helped to identify photoreceptor-specific genes expressed at low levels in Y79 cells. Based on the value of Ne/Nt calculated from EST data, we identified many photoreceptor-specific transcription factors from Y79 cDNA libraries involved in the development and differentiation of the photoreceptor and the retinoblastoma-specific unannotated genes.
Many transcriptional variants of abundant genes have been previously reported. 14 -16 Using our method, we were able to identify variants of rare genes. Each identified variant altered the amino acid sequence of the encoded protein. These amino acid changes could affect important protein-protein interactions or could alter biological activity. Further investigations should be conducted to better understand the functional differences between these identified gene variants. This is especially significant with regard to genes responsible for retinal degeneration. In this study, we carried out full sequencing of only cell-specific genes. Our collection contains multiple clones for functionally interesting genes. The full sequencing of these clones will provide information on novel variants, including novel splicing isoforms. These variants will provide greater insight into the protein network within specific cell types.
In conclusion, our cDNA libraries are powerful tools for the analyses of full-length transcriptomes from retina-derived cells. This method of constructing cDNA libraries is especially useful to obtain and compare transcript variants. Conventional methods, such as EST analyses and RNA-Seq, enable us to expect some variants, but they do not provide the sequence information for full-length transcript variants. Comprehensive analysis of structure and function of expressed genes requires obtaining and expressing full-length cDNA clones. The clones in our collection can be expressed in vitro and in mammalian cells because the vector used to create our libraries carries a T7 promoter and an SV40 promoter, thus providing the translated protein for use in functional analyses. 29 All cDNA clones from our libraries were deposited in the RIKEN BRC DNA bank (http://dna.brc.riken.jp/index.html) and are available to any researcher. We hope these full-length cDNA collections will be widely used for better understanding the protein network in retinal cells.
